Considering the problems of the internal and external disturbances of wind speed in the direct-drive wind energy conversion system based on a permanent magnet synchronous generator, a novel model predictive control based on the extended state observer method without the accurate mathematical system model is proposed in this paper. First, a model predictive control method is employed as the feedback controller, while the mathematical model of the control system can be adjusted online via the rolling optimization strategy. Second, an extended state observer is introduced to estimate the state variables and lumped disturbances, that is, the internal disturbances including nonlinear characteristic, multi-variety coupling effect, uncertainties of system parameters, and external disturbances including variations of wind speeds and uncertainties of the natural environment. Third, the effect of lumped disturbances can be attenuated by the estimated disturbance value via a feedforward channel. In addition, in order to achieve the real-time speed control performance of the permanent magnet synchronous generator, a speed sensorless algorithm based on a flux observer is proposed to solve the problem of unsuitability of mechanical speed sensor. Finally, the simulation results with several wind speed types show that the proposed sensorless model predictive control with the extended state observer strategy is an effective way to improve the performance of anti-disturbance and ability of tracking maximum wind energy of the wind power control system.
Introduction
As a renewable, pollution-free natural resource, the wind energy has shown significant prospects of social development. To a certain extent, it can replace the increasingly scarce fossil fuels and solve the problems of energy shortage and environmental pollution in today's world. With the development of social economy and civilization, people put forward significant requirements for wind power generation systems. Permanent magnet synchronous generator (PMSG) is a gearless wind energy conversion system (WECS) with the advantages of direct energy transmission and low noise level. Moreover, this kind of generator also has reliable operation and low rotor loss, since PMSG can work at low speed without brush. Therefore, it is of practical significance to perform research on PMSGbased WECSs. Due to the multivariable coupling and nonlinear features of a PMSG-based WECS, it is difficult for the wind power system to obtain excellent dynamic performance while the WECS is subjected to lumped disturbances, that is, internal disturbances and external disturbances including uncertainties of system parameters, modeling error, uncertainties of wind speeds, and natural environmental factors.
Moreover, the generator usually is operated in the variable-speed mode below rated wind speed, since the significant control purpose of the WECS with PMSG is power efficiency maximization in the low-speed region. The optimum tip speed ratio method is a great way to achieve maximum power tracking performance. Due to the above reasons, many researchers have developed a large number of control strategies based on optimum tip speed ratio methods for obtaining maximum power tracking performance of PMSG-based WECSs in recent decades. A novel proportional-integral-derivative (PID) controller for a direct-drive wind turbine generator is proposed to track maximum power in Hong et al. 1 An adaptive duty cycle method with gradient approximation is introduced to enhance the power capture performance. Pole placement based on a linearized system model in the state space domain is proposed to maximize the aerodynamic efficiency of a horizontal axis wind turbine with a PMSG. 2 The simulation results show that the proposed method can obtain good performance with a nonlinear model subjected to random wind speeds. A composite maximum power point tracking (MPPT) controller for the small signal model of a grid-connected PMSG-based wind turbine system is proposed to enhance the smoothness and rapidity of capturing power in Nasiri et al., 3 including the tip speed ratio method and optimal torque control. These tip speed ratio methods based on traditional feedback controllers can capture the maximum wind power with its dependence on the accurate mathematical model of the wind turbine system. The industrial applications of these methods are limited, since it is difficult to establish the accurate dynamic model of the actual system.
Compared with the traditional feedback control methods, since the model predictive control (MPC) method is independent of the mathematical model of the generator and also due to its advantages of rolling optimization and online feedback, it has been widely used in industrial cranes, series elastic actuators, wind turbines, and other industries in recent years. [4] [5] [6] [7] [8] However, the internal and external disturbances of the industrial systems called lumped disturbances, such as modeling error, parameter variation, and external uncertainties, can not only cause inaccurate feedback correction to the predictive model of the MPC, but also degrade the stability and control performance of the industrial systems. Some popular disturbance observer methods are introduced to attenuate the above total disturbances, such as linear disturbance observer, 9 equivalent-input-disturbance approach, 10 neural network observer, 11 , 12 and Luenberger observer. 13 An extended state observer (ESO) with a high order than the system is another observer method employed to obtain excellent dynamic performance. This kind of disturbance and state variable estimation method is first put forward and completely expressed by Han. 14 A linear structure ESO-based control scheme is proposed by Gao 15 with the advantages of anti-disturbance performance. Due to the features of the concise framework, convenient form for parameter tuning, analysis, and implementation, these kinds of linear ESO-based control methods have been broadly applied in dealing with dynamic uncertainties, disturbances, and nonlinear factors of the industrial systems. [16] [17] [18] [19] [20] In order to realize real-time speed control of a PMSG, it is necessary to measure the speed of the generator as the feedback signal. Compared with the current or voltage sensor, the cost of speed sensor detection accuracy is much more expensive. Even worse, the mechanical speed sensor may not be suitable for a harsh wind power operating environment, since research pays more and more attention to the study of speed sensorless algorithms. There are three kinds of speed sensorless algorithms, that is, open-loop algorithm based on the motor mathematical model, 21 closed-loop algorithm based on various observer models, 22 and an algorithm based on nonideal characteristics. 23 These kinds of speed sensorless technologies have been introduced into the PMSG-based wind turbine systems because of their practical advantages. A wind turbine control and an analogue speed estimator based on a Kalman filter are introduced to estimate the shaft speed for capturing the maximum power of wind turbines in Antarctica. 24 In Abdelrahem et al., 25 a sensorless field-oriented control (FOC) scheme is proposed for a PMSG in a variable-speed wind turbine. The experimental results show that the power capture performance is excellent under many operating conditions and parameter variations of the PMSG. A novel sensorless method based on the output voltage and current of a rectifier is proposed to improve maximum power extraction of a small-scale WECS using a PMSG, without the wind speed information and turbine characteristics. 26 The simulation and experimental results show that the extraction performance and efficiency are higher than those of the conventional perturb and observe method.
Considering the limitations of MPC for PMSG-based WECSs, the effectiveness of MPC will be decreased when the WECSs are subjected to serious total disturbances, such as nonlinearity, strong coupling, multi-varieties, and uncertainties of natural wind, since a second-order ESO due to the advantage of its anti-disturbance ability is employed to enhance the extraction performance of the whole WECS. Moreover, the ability of the whole control system is improved by the feedforward compensation part. Nevertheless, the measurement of stator current and voltage is relatively easy, and the technology of avoiding magnetoelectric field disturbance is relatively perfect. Therefore, the speed sensorless algorithm based on the flux observer technology is proposed for the wind power control system. The rest of this paper is organized as follows. Section ''Modeling of the PMSG-based WECSs'' gives description of the system dynamic model. A novel structure of the speed sensorless MPC method for a PMSG-based WECS is introduced in section ''Composite MPC based on the speed sensorless method.'' And the design process and stability analysis of the proposed speed observer strategy are also discussed in this section. In section ''System simulation verification,'' numerical simulation results based on several wind speed types show the effectiveness of the proposed control strategy. Finally, the conclusions end the paper.
Modeling of the PMSG-based WECSs

The wind turbine model
According to the principle of aerodynamics, the mechanical energy of the wind turbine can be converted from wind power through equation (1) 20
where the mechanical power P m is from the wind turbine; the air density r is a constant parameter; R represents the blade radius; v indicates the natural wind speed; l and b are the tip speed ratio and blade pitch angle, respectively; the parameter C P represents the power factor and is a nonlinear function of the wind turbine parameters b and l, so its size depends mainly on the type and operating condition of the blade. Thus, the driving torque of the blade with wind speed v can be defined as follows
The tip speed ratio of the system can be obtained by equation
where v is defined as the angular velocity. According to Li et al., 20 the wind power coefficient C P can be obtained by the following equation
These parameters satisfy the equation as (1=l i ) = (1=(l + 0:08b)) À (0:035=(b 3 + 1)). It can be seen from the mechanical power equation (1) that the maximum power can be obtained when the parameter C P reaches a maximum value at a given wind speed.
The relationship between l and C P of equation (4) can be simulated as the curve shown in Figure 1 via MATLAB. From Figure 1 , it is easy to see that the smaller the pitch angle b, the greater the power coefficient of the wind turbine C P in a certain range. And for a certain pitch angle, there is an optimal tip speed ratio l opt , which makes the C P the of the wind turbine to reach the maximum. Therefore, under the rated speed of the generator, the optimal value l opt can be obtained by choosing the blade speed v and wind speed v, that is, the power coefficient C P is the largest and the maximum output power of the generator can be obtained under this operating condition. It is well known that the best tip speed ratio l opt = 8 can also be achieved when b = 08 from Figure 1 . The direct-drive WECS studied in this paper only considers maximum power tracking performance of the motor side, so the uncertainties of the grid side are equal to those of the motor side.
It is obvious from equation (3) that the optimal speed v opt can be obtained by specifying the wind speed v, and thus the optimal blade tip speed ratio satisfies l = l opt , that is, when the wind turbine runs at the optimal blade tip speed ratio l opt , the maximum output power of the generator can be obtained. The optimum power of wind turbines P max can be written using the following equation from equations (1) and (3)
Equation (5) indicates the nonlinear relationship between optimal power and angular velocity. The parameters K opt and l opt satisfy the relationship given using the following equations
The mathematical model of the PMSG The PMSG is the core device of the direct-drive PMSG, and the correct establishment of the mathematical model plays a significant role in the research process. In order to develop a simplified and practical generator model, the following assumptions are made before the modeling:
1. Three-phase electricity is symmetrical; 2. The cogging torque effect of the PMSG is not considered; 3. The saturation effect of the generator core can be neglected; 4. The magnetic path is assumed as linear, regardless of the effect of eddy current and hysteresis loss. The mathematical model of the PMSG in the a-b coordinate system can be expressed as follows The electromagnetic torque in the a-b coordinate system can be described as follows
Through the Park transformation, the mathematical model of the PMSG in the a-b coordinate system can be converted into a mathematical model in the d-q coordinate system as follows
where u q and u d are the voltage components in the d and q axes, respectively, and i d and i q are the current components in the orthogonal axes. The electromagnetic torque in the d-q coordinate system can be rewritten as follows
The dynamic equation of the whole wind turbine system can further be expressed as follows
where the parameters J and B are the moment of inertia and viscous friction coefficient of the PMSG, respectively.
Composite MPC based on the speed sensorless method
Design of a composite model predictive controller
Model predictive controller for a PMSG-based WECS. Let the load torque T m = 0 in equation (10) . The frequencydomain model of the wind conversion system is rewritten using the Laplace transform as follows
where the auxiliary parameter K = nc.
Considering that MPC is a kind of computer algorithm based on the model, it is necessary to use the zero-order holder to discretize the PMSG model and the Z transfer function can be obtained as follows
where the symbol z is the Z-transform, the time coefficient T represents the sampling time, and the label s is a complex variable in Laplace transform. The other coefficients of equation (12) satisfy the following equation: a = K(1 À e ÀTB=J )=B and b = À e ÀTB=J . The present sampling step is defined as k, so v(k) is the current actual speed of the generator at time kT; furthermore, the parameter i q (k) represents the current of the q axis at time kT. Moreover, the difference equation can be obtained using the following equation
The prediction model for the speed of PMSG can be obtained by subtracting the two equations in equation (13) , since it can be written as follows
where v p (k + 1) is the predicted speed of the generator at time (k + 1)T. The difference component Di q (k) means the increment of current in the q axis at time kT, and this current variable is also the output of the speed loop controller for the WECS-based PMSG. The speed error e(k) is introduced as the part of the feedback loop to enhance the stability of the system. The compensation amount is e(k) = v(k) À v p (k) and indicates the difference error between the predicted rotational speed and the actual rotational speed at the time of kT. The closed-loop predicted output speed of the system at kT is obtained using the following equation
Based on the dynamic characteristics of the WECS, the reference trajectory generally takes the form of a first-order exponential change to prevent drastic changes in input and output parts. Hence, the expression can further be given as follows
where a = e ÀT s =t with the time parameter t being the time constant of the reference output. It is well known that the optimal controller output is determined by the system performance index, so the quadratic performance index is employed in this paper considering the practicability and significance of this kind of index function. Frequently, the output error and the weight of the control amount are also used, so the predicted output v pe (k + 1) can not only coincide with the expected output of the system, but also effectively reduce the drastic changes of the control increment. The quadratic performance index function is expressed as follows
where W 1 and W 2 are the weighting coefficients of the output error and the control increment, respectively. Obviously, the parameters v(k), v(k À 1), and y r (k + 1) can be definite at time kT. According to equations (14)- (17) , an optimal control function can further be obtained as shown in equation (18)
To minimize the optimization control function I q (k), the derivative of I q (k) needs to be solved with Di q (k). Hence, the following equation can be obtained with the first-order differential equation (dI q (k)=dDi q (k)) = 0
Design of ESO. In the actual operating environment, there are internal and external disturbances in the wind power system, such as wind speed variation, uncertainties of the natural condition, and modeling error. The model predictive controller performs an online calibration system model based on the feedback information output by the PMSG. The total disturbances will cause unfavorable effects on the feedback part of the model predictive controller, which will inevitably lead to a decrease in the control accuracy of the MPC. Moreover, they can affect the control accuracy of the entire WECS. Hence, the ESO is introduced to estimate the internal and external disturbances of the system. These disturbances can further be compensated for and eliminated by the feedforward channel. And the firstorder state space model can be expressed as follows
where f(x, t) is an unknown function and relevant to the system state variables and internal disturbance, the parameter d(t) refers to the external disturbance, the label b 1 represents the control gains relating to the system model, and the control input and output signals can be defined as u(t) and y(t), respectively. Defining x 1 = y and x 2 = l d (t) = f(x, t) + d(t) as the total disturbances including the internal and external uncertainties, the state equation of equation (20) can further be expressed as
The ESO can be designed as follows
where z 1 is the estimated value of state variable x 1 and z 2 is the estimated value of total system disturbance x 2 , which are defined as the extended state variables, respectively. The observer bandwidth-dependent parameters b 1 and b 2 can be adjusted for improving the performance of the whole system. The characteristic equation of equation (22) can be given using equation (23) to satisfy the convergence and stability of the ESO
Selecting the ideal characteristic equation E c (s) = (s + v o ) 2 , there is the following equation
where v o is defined as the observer bandwidth. Therefore, the ESO based on PMSG can be designed as follows
Hence, the feedback control part can further be designed as follows
Design of the speed sensorless method
The d-q axis usually has the same speed as the generator rotor. In other words, the conversion from the a-b coordinate system to the d-q coordinate system requires rotor speed information to determine the position of the d and the q axis. Unfortunately, the Clarke transformation of the current in the A-B-C coordinate system requires only the rotor position signal. Therefore, the speed sensor proposed in this paper is based on the mathematical model of PMSG in the a-b coordinate system. According to equations (1)-(6), the state space equation of PMSG can be written as follows Define the matrix Q o as where
Since k fc and k fs are not zero at the same time in the actual process, the equation of state of the velocity observer can be described as
Substituting I ab = i b cos (n p u) À i a sin (n p u), the above formula can be converted into the following equation
whereÎ ab =î b cos (n p u) Àî a sin (n p u). The parameters h v 1 and h v 2 are the error feedback gains. The other parameters satisfy the equations i a = i a Àî a and
In order to obtain the maximum power of current wind speed, the inner control loop is employed in the FOC method. In addition, it is well known that i Ã d is defined to equal zero in order to decouple the currents of the d-q axis. Although it is not necessary for the actual current i d to be equal to zero, the effect can be attenuated by introducing ESO. The block diagram of the proposed composite control based on FOC for a WECS with PMSG based on the combined speed sensorless and MPC method is shown in Figure 2 . For the difference of speed loop and current loop control requirements, the model predictive controller is selected as the speed loop controller, and the current loop uses the traditional proportional-integral (PI) regulators. A composite MPC scheme for the maximum power output of PMSG-based wind turbines is designed. In the feedforward channel of the outer speed loop, the internal and external disturbances of the system are estimated by the ESO, and the observer value of the disturbances is transmitted to the model predictive controller through the feedforward channel. Then, according to the actual output speed of PMSG and the observed disturbance, the model of the system is optimized and corrected online, so as to eliminate the control errors caused by internal and external disturbances. During this process, the PMSG actual speed value is fed back to the composite controller via the speed observer.
System simulation verification
The parameters of the PMSG used in the simulation are as follows: the rated speed is n N = 3000 r= min; the viscous friction coefficient is B = 8:29310 À5 kg m 2 =s; the rated power is 1:5 kW; the rotary inertia is J = 2:5310 À4 kg=m 2 ; the armature winding resistance satisfies R = 2:875 O; the number of pole pairs is n p = 2; the permanent magnet flux linkage is c f = 0:175 Wb; and the armature winding inductance is L = 8:5310 À3 H.
The parameters of the wind turbine used in the simulation are as follows: the power coefficient is C P = 0:48; the air density satisfies r = 1:25 kg=m 3 ; the optimum blade tip speed ratio is defined as l opt = 8; according to the ''IEC 61400-1 design requirements'' and the rated speed of the PMSG, the speed of v = 6 m=s is chosen as the basic wind speed; the radius of the wind turbine is R = 1:5 m; the parameters of the ESO used in the simulation are given as b 1 = 71 and p = 150; and the parameters of the speed sensorless method used in the simulation are h v1 = 200 and h v 2 = 200. Figures 3 and 4 show the comparison of the estimated speed of the speed observer with the actual speed of PMSG. It is not difficult to observe that the speed observer in this paper has an excellent speed tracking effect and will not have a great impact on the stability and convergence speed of the system. This strategy can reduce the cost of physical sensors in the actual operation of wind farms and also has no significant impact on the anti-disturbance ability for the WECSs. Therefore, it can replace the speed sensor to a certain extent, also reduce the cost of the system, and achieve high economic benefits on the premise of guaranteeing the control accuracy of the wind power system. Figures 5-8 show the comparisons of the generator speed tracking under basic wind and random wind. In order to simulate the disturbance of the wind power system during the actual operation, when t = 1, a sudden change is applied to the driving torque of the system. The generator speed tracking result at this time is shown in Figure 6 . Figure 7 shows the ESO's observation of disturbances in this case. It can be seen that pure MPC and composite model predictive controller can achieve good tracking effect when the system runs smoothly. However, when the system is disturbed or the wind speed changes abruptly, the tracking performance of the composite model predictive controller is faster and more stable than the traditional MPC. The fluctuation amplitude is smaller, that is, the antidisturbance effect is better than that with pure MPC. The ESO can observe the total disturbances in time and compensate for them through the feedforward channel when the system is subject to internal and external disturbances, so that the accuracy of the generator speed observation is higher.
Conclusion
First, the wind speed, wind turbine, and PMSG are modeled separately in this paper to enhance the dynamic performance of the wind power system in the actual operation. Second, based on the in-depth study of model predictive controller and ESO, a composite MPC scheme is proposed to design the control system for capturing the maximum power. According to the different control requirements of speed loop and current loop, the model predictive controller is chosen as the main controller of the speed loop and the ESO is introduced into the feedforward channel to observe and compensate for the internal and external disturbances of the system. In addition, a speed sensorless control scheme based on the flux observer is proposed to estimate the speed of the generator. Hence, the whole composite MPC scheme is designed to track maximum power of a wind turbine without a mechanical sensor. Finally, the simulation results obtained using MATLAB show that the identification accuracy of generator speed with the proposed sensorless method is acceptable. Compared with the system using only the model predictive controller, the wind power system under the composite MPC strategy based on ESO has better tracking performance and antidisturbance properties, which greatly improves the wind energy conversion capability and actual operating cost of the wind power system.
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